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ABSTRACT
This paper presents a follow-up and addition to a
system sizing spreadsheet, detailed in [1], with a
focus on sizing or verifying the employability of
an off-grid PV-battery system for night lighting. A
dimensionless criterion, the Battery Usable Fraction
UFbatt is defined, which aids both the calculations
of systems and allows an approximate comparison
of batteries, regardless of the employed battery
chemistry. The outputs from the calculations
allow users to rapidly identify whether a chosen or
designed system will perform as desired. Further,
as it provides a basic temperature-dependent battery
capacity model, the influence of ambient conditions
can be taken into account. This influence of
the ambient conditions is shown to be very
important, particularly in cases where the system is
designed with little room for error with regards to
climatological conditions. Measurements performed
indicate that a good approximation for the battery
temperature in a PV-battery lighting system is
the average of the ambient temperature and the
integrated PV module backsheet temperature.
Keywords: PV-battery sizing, stand-alone street
lighting, usable fraction, temperature-dependent
battery capacity, loss of load.
1 INTRODUCTION
The rapid reduction in prices for photovoltaic (PV)
modules has resulted in a growing interest in off-
grid applications, such as street lighting, even in
geographical areas which were heretofore not taken
into consideration. Proponents of stand-alone PV-
powered night lighting focus on reduced installation
costs and the possibility of installing lighting in
locations where it was previously not technically
or economically feasible. Off-grid PV-powered
lighting does not need to be connected to the grid,
saving both on labour and material investments, as
well as connection costs. Furthermore, it allows
lighting to be placed in locations which previously
were considered uneconomical, such as separate
cycling routes. At present, there is a lack of easy-
to-use tools or methods available to evaluate the
multitude of offers for stand-alone lighting systems
on the market. The spreadsheet output of this
paper has been compared to a stand-alone PV-
battery lighting system, which has been subjected
to measurements in order to obtain a better sizing
model. Our results highlight some installation
aspects that are underestimated when evaluating or
making PV-battery designs for (street) lights, such
as the impact of the ambient temperature, irradiance
and battery choice on the performance of the system.
Additionally, the tool permits different market offers
to be compared, in order to verify the technical
feasibility of the offered stand-alone lighting system.
2 DESCRIPTION OF THE MODEL AND TOOL
The case of autonomous lighting with photovoltaic
modules and battery storage is the most extreme
form of delayed consumption of PV-generated
electricity: by design, all the energy generated
during daylight hours by the PV module must be
stored in batteries for use at night. Sizing of PV-
battery systems for stand-alone operation requires
knowledge of the energy output of photovoltaic
modules throughout the year, predicting the energy
need for a predefined load and the daily changing
interaction between PV, battery and load. The
workbook and spreadsheet presented in [1] is
expanded in this work. The solar energy calculations
are performed using the HDKR solar model detailed
in [2]. In this article, the PV-battery lighting
schematic and its associated model given in Figure 1
allow the possibility of sizing for either AC or DC
light sources, by treating the light source as an
energy consumer.
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Figure 1: PV-battery stand-alone lighting schematic. The
Battery Management System (BMS) is often packaged
with the battery and sold as one unit, especially for
Lithium-ion batteries. Diagram modified from [3].
2.1 PV ENERGY PRODUCTION AND CLIMATE
This PV-battery-lighting model takes advantage of
the calculations performed within the workbook of
[1], using data obtained from the NASA SSE website
[4] for daily irradiation and ambient temperature.
We continue to use the climatological average year
[1] calculated from the NASA values, as well as
the efficiencies approach detailed there. Some
modifications have been put into place to optimize
the calculation of the daily produced energy by a
PV module per the schematic of Figure 1. Taking
the daily amount of Peak Solar Hours equivalent
τd(β, γ) for a tilt angle β and orientation γ, we
can calculate the daily amount of energy that can be
delivered to the battery as
EPV,d =τd(β, γ) · PPV · ηPV,tot
· ηDCDC1 [kWh] (1)
with PPV the power of the PV module or cells and
ηDCDC1 the efficiency of the converter which may
or may not include a Maximum Power Point Tracker
(MPPT), and ηPV,tot described by
ηPV,tot =ηPV (T ) · ηPV (G) · ηPV,shade
· ηPV,dirt · ηPV,age [%] (2)
The definition of the individual terms in Equation (2)
is given below, as given in [1, 5]:
ηPV (T ) = 1 + α · (Tcell − 25◦ C) (3)
ηPV (G) =
P (G)
G · ηSTC (4)
ηPV,shade = estimated from local conditions (5)
ηPV,dirt = estimated from local conditions (6)
ηPV,degrad = 1− ∆PPV (life)%
PV life
· Est. use time
2
= 1− 20%
25 years
· #years of use
2
(7)
Equation (3) is the normalized version of the
temperature dependence equation of PV module
power[6], compared to STC. Equation (4) is given in
[5]. Equation (7) assumes a linear degradation in PV
power per year. The estimated time of PV system use
is divided by 2 to obtain the degradation-dependent
efficiency of PV modules halfway through their
estimated useful lifetime. Depending on the intended
use, this can be 25 years, whilst other users or
companies might envision a much shorter period of
use, e.g. 5 years.
2.2 ENERGY STORAGE IN BATTERIES
The nominal energy storage capacity of a battery is
given below:
Ebatt,nom =
Vbatt · Cbatt
1000
[V ] · [Ah] = [kWh]
(8)
with Cbatt the capacity at a certain discharge rate,
we calculate using the C0.1 (10-hour discharge)
rate, and the battery voltage Vbatt. The maximum
Depth-of-Discharge (DODmax [%]) is given by the
battery manufacturer, this value limits how much of
the nameplate energy in the battery can actually be
drawn from the battery. Note that, in general, a
higher DODpractical leads to a shorter lifetime of a
battery[7, 8]. The State-of-Charge (SOC [%]) relates
the amount of energy in the battery to the theoretical
maximum. The practical DOD can be calculated as
the fraction of the nominal battery capacity that is
used:
DOD =
Eload,d
Ebatt,nom
(9)
SOC and DOD are related as follows:
SOC = 1−DOD [%] (10)
The Self-Discharge SD of a battery over a certain
period (e.g. SDday [%]) also reduces the State-of-
Charge of a battery, without any energy having been
used by an external load, due to internal chemical
processes. The efficiency of a battery ηbatt is a
measure of the fraction of energy that has been
output from the battery, to the total input energy. In
this case, the input energy will have come from the
PV module(s).
By then taking into account the maximum depth-
of-discharge DODmax, the battery efficiency ηbatt
and the Self-Discharge per day SDday , we can now
define the practical or usable amount of energy in a
battery Ebatt,pract:
Ebatt,pract =Ebatt,nom ·DODmax · ηbatt
· (1− SDday) [kWh] (11)
Thus, a normalized relationship between the
practical and the nameplate energy in a battery can
now be described by the Usable Fraction UFbatt
UFbatt =
Ebatt,pract
Ebatt,nom
(12)
UFbatt = DODmax · ηbatt · (1− SDday) [%]
(13)
By employing UFbatt, it is now possible to compare
two different batteries, regardless of the technology
or the nominal energy stated for each battery. A well-
known criterion in sizing of autonomous PV-battery
systems is that of Loss-of-Load (LOL) and the Loss-
of-Load Probability (LOLP) [9, 10]. The Loss-
of-Load is the time that a system cannot provide
sufficient energy for the required load and is thus
shut off, to protect the battery. In such a case,
the battery management system will shut off the
load at the level of the maximum allowed Depth-
of-Discharge (DODmax) (which is equal to the
minimum allowed State-of-Charge SOCmin, see
Equation (10)). The value of the State-of-Charge
of the battery in the PV-battery-lighting system is
a function of the situation at the end of the period
before and looking sufficiently in the past, of the
previous days to weeks. The maximum value of the
State-of-Charge SOCmax is obtained at the end of
the day, when the PV module has charged the battery.
The minimum value of the State-of-Charge SOCmin
is reached at the end of the night:
SOCd,max = SOCd−1,min +
EPV,d
Ebatt
[%] (14)
SOCd,min =
SOCd−1,max − Eload,d
Ebatt,nom
[%] (15)
For Equation (14), it is assumed that there is at
least one day during the year where the SOCmax =
100% by sunset. For most locations between the
Equator and 60 degrees latitude (North or South),
there will be a clear maximum month for irradiation,
which ensures that the relationship SOCmax =
100% is true. Additionally, a verification that the
annual PV-converted and stored amount of energy is
larger than the annual required load ensures that the
system is correctly sized.
The temperature-dependent battery capacity is
expressed as a percentage value, and is linearly
interpolated between 4 typical temperature
specifications for batteries: the relative capacity at -
20◦C, 0◦C, 25◦C and 50◦C (temperatures sometimes
given ±5 ◦C), e.g. 60%, 80%, 100% and 95%
respectively. These values may be modified by the
user, depending on the choice of battery, based on
datasheet values.
2.3 ENERGY CONSUMPTION
Established system sizing software such as HOMER
and PVSYST provide the user the ability to input
load profiles, which can be anywhere in the
range from a relatively simple hourly constant
consumption to very detailed measured or simulated
values. The disadvantage with providing such a wide
range of possibilities is the time used to both learn
the software and its steep learning curve as well
as the input of the load data. We opted to reduce
the number of possibilities for the user as input,
thus simplifying the sizing (or sizing verification)
process. The duration of lamp on-time can be chosen
from three possibilities:
• A seasonal variation where the length of the
night in hours varies throughout the year, as a
function of the latitude φ of the system.
• A constant 12 hour lamp on-time.
• A user-defined lamp-on time profile. For
example, “6 hours on, 3 hours off (or reduced
consumption), 4 hours on” is a possibility.
For the power level of the light source, it is first
defined by the user as the maximum power Pmax,
and then the user is given the ability to indicate the
power levels as a percentage or as an absolute value
for the chosen lamp on-time durations. We then
normalize the time duration and the power levels to
calculate the total daily energy consumption. Taking
FP as the normalized fraction of Pmax and Ft as
the normalized fraction of the maximum length of
time for that night (tmax), we then calculate the daily
energy consumption as follows:
Eload,d =
Pmax · tmax
ηbatt · ηconv2 ·
n∑
i
Fp,i ·Ft,i [kWh] (16)
with ηconv2 the efficiency of the LED driver or DC-
AC converter, and assuming discrete time intervals
where the light source is turned on or off. It
is thus feasible to use Equation (16) to calculate
the total daily energy requirement which can be
used for the sizing of the PV module as well as
the required storage capacity, or alternatively, to
aid the verification of PV-battery lighting system
specifications.
3 MEASUREMENTS ON AN EXAMPLE PV-
BATTERY LIGHTING SYSTEM
In order to better model the battery temperature and
use this as an input for the temperature-dependent
battery capacity, measurements were performed for
several weeks in March and April 2013 at KAHO
Sint-Lieven, Ghent (51.05◦N, 3.7◦E), Belgium. Two
Pt100 temperature sensors were used to measure
the battery and PV module backsheet temperature
of a stand-alone PV-battery system. The ambient
temperature was measured using a Thies ISO
AA Pt100 temperature sensor, and a CMP11
Kipp&Zonen pyranometer in the PV module plane
measured the irradiance. Figure 2 shows the
placement of the stand-alone lighting system during
the measurements, on the roof of KAHO Sint-
Lieven. The temperature sensors are read out via
National Instruments (NI) 9217 modules, whereas
the pyranometer signal is obtained via an NI 9203
module. These measurement modules were placed in
a NI CompactRIO controller, linked to a PC running
LabVIEW where the data is logged. Climatological
measurements are performed continuously, at a rate
of 1 Hz. The measurement set-up also measures
wind speed and direction, but as these values are
not sufficiently logged and are too expensive to
incorporate in PV-battery-lighting systems, the data
from these sensors will not be used in this article.
Figure 2: A photograph of the PV-battery lighting
system (smallest module at the left) during measurements.
Temperature measurements performed with Pt100 sensors
(4-wire, ISO AA uncertainty), CMP11 pyranometer and
poly-Si reference cell used for irradiance. Data logging
and measurements are performed using a CompactRIO
and NI 9217 and NI 9203 modules, continuously at 1 Hz.
An example of irradiance and temperature
measurements performed on successive days is
shown in Figures 3 and 5, with the comparison
of measured versus simulated battery temperature
given in Figures 4 and 6.
Figure 3: Measurements performed on a PV-battery off-
grid lighting system on 31 March 2013.
The battery temperature is often not measured
in stand-alone PV-battery lighting systems and yet
knowledge of it is useful for sizing and general
monitoring. Note that the effect of very large
irradiance fluctuations on the battery temperature is
higher in reality than using the average of the PV
module temperature and the ambient temperature.
However, this is more useful for battery health
monitoring in PV-battery lighting systems than for
sizing of these systems.
Figure 4: Simulated battery temperature (average of PV
module temperature and ambient temperature) compared
to measured value. Maximum ∆T = 3.2◦C ± 0.6◦C,
average∆T = 0.4 ± 0.6◦C
Figure 5: Measurements performed on a PV-battery off-
grid lighting system on 1 April 2013. Note that the battery
temperature is higher than the PV backsheet at night.
The variance in the temperature of the PV
module and the battery in Figure 5 is due to wind
cooling - this can be seen clearly after the midday
peak of the irradiance, where the irradiance follows
a clear-sky path.
Figure 6: Simulated battery temperature (average of PV
module temperature and ambient temperature) compared
to measured value. Maximum ∆T = 1.8◦C ± 0.6◦C,
average∆T = 0.4 ± 0.6◦C
For sizing purposes, the average PV module
and battery temperature are more relevant than their
instantaneous values, as the latter cannot be well-
predicted over long time periods (i.e. the prediction
uncertainty for the irradiance more than a few days
ahead becomes too high for practical use, see [11]
for an in-depth discussion), due to the dependence
of the PV-battery-lighting system on the irradiance
and local ambient temperature, and to a lesser extent,
local wind conditions.
4 MODELLING RESULTS
The inputs used for the example calculation in
the model were obtained from the company who
provided the PV-battery lighting system, these are
given in Table 1.
Table 1: PV-battery stand-alone lighting system
description
PV Li-ion battery LED
PPV = 22 Wp Ebatt = 512
Wh
Pmax = 2.2 W
Vmp = 18 V Vbatt = 12.8 V tmax = 6 h
Imp = 1.2 A C0.1 = 40 Ah Fp = 100%
DOD = 70% Ft = 100%
ηDCDC1 =
95%
ηbatt = 95% ηconv2 =
95%
SD =
0.1%/day
Eload,d =
14.64 Wh
UFbatt =
66.4%
Figures 7 and 8 have been obtained through the
modelling of the measured PV-battery stand-alone
lighting system.
Figure 7: An example graph indicating the State-of-
Charge and Loss-of-Load probability of the measured
system, assuming a fixed use of 6h per night, for Ghent,
Belgium. Here, the battery capacity is assumed to be
independent of the battery temperature.
Figure 8: An example graph indicating the State-of-
Charge and Loss-of-Load probability of the measured
system, assuming a fixed use of 6h per night, for
Ghent, Belgium. Note the rapid depletion of the battery
from October onwards, and the subsequent Loss-of-Load
moments in the following months.
The difference between Figure 7 and Figure 8
is striking, in that when it is assumed that the
battery exhibits no temperature-dependent capacity
behaviour (or behaves as if it is constantly at 25◦C),
no Loss-of-Load is predicted to occur. However,
the company who provided the system for testing
indicated that the behaviour of the system exhibits
a Loss-of-Load which approximated much better
by Figure 8. As such, not taking into account
the temperature-dependent behaviour of the battery
could lead to significant under-performance of a PV-
battery lighting system. Figure 9 is given below to
show how the charge-discharge cycles occur, and
also to show the seasonal effect on the State-of-
Charge of the battery.
Figure 9: An indication of the State-of-Charge of the
battery in a PV-battery lighting system during the year
in Ghent, Belgium. The effect of a reduced amount of
irradiation during the winter months is clearly visible.
Note that some sizing software packages assume
that the State-of-Charge of the battery of such
a system is 100% on the first day of the year,
effectively disregarding the energy deficit of the
previous winter months. As December is the worst
irradiation month in the Northern hemisphere for
most latitudes above 15-30◦, this is not a trivial
assumption.
5 CONCLUSIONS
The importance of taking the battery temperature
into account for stand-alone lighting systems using
photovoltaic modules and batteries has been shown.
Use of the (simulated) battery temperature for
sizing of stand-alone lighting systems using a PV
module and batteries is strongly recommended,
in order to obtain realistic sizing and predictive
results. Measurements performed on an example
stand-alone lighting system show that the average
battery temperature can be well approximated via
knowledge or prediction of the ambient temperature
and the PV module temperature, values which
up to now are more readily predicted than the
battery temperature in such systems. Finally,
the Battery Usable Fraction UFbatt is an easy-
to-comprehend metric to compare batteries with
different chemistries or energy contents.
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